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By C, Gardner Swain and Robert B, iosely

Rates of solvolysis of triphenylmcthyl (trityl) fluoride in nine
solvents are reported, Comparison of the solvolytic behavior of n-butyl
bromide, t-butyl chloride und trityl fluoride maies it clear that t-butyl
chloride is in every way int~rmediate betwden the other two, This casts
some doubt on the conclusion that it is in & "liwmiting" class, It proves to
be impossible quantitatively to correlate the behuvior of all three compounds
on the basis of a duality of mechanism, using simple two-parameter linear
free-energy relationships, However, thore seems to be no difficulty in the
assumption that there is a single mech.nism which chinges in its quantitative
aspects very gradually over the series p-nitrobenzoyl, methyl, n-butyl,
I-butyl, trityl, with no discontinuity or sharp change in type at any point,

There are quantitative differencss between the reactions of
tertiary and primary halides: the tertiary halides often react faster with
hydroxylic solvents, slower with anions, and give stabler intermediates more
eagily detected by competition experiments, A question which has vexed
chenistry for twenty years is whether these differences are due (a) to the
coexistence of two fundamentally different mechanisms, the "unimolecular" cr
SNl mechanism for most reactions of tertiary halides, and the "bimolecular"
or SNZ mechanism for most reactions of primary halides or (b) to a very
gradusl trend in reactivity over this whole range of reactions and compounds,

with no dividing lins at any point,
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The former view (a), due largely to Hughes, Ingold and co-workers,

(2) E. D, Hughes, Truns, Faraday Soc., 37, 603 (1941); J, Chem, Soc., 968
(1946). =

has been the more poptilar one. In intermediate cases (e.g., i-propyl holides
in alcohol solution) part of the molecules are considered to solvolyze by the
Syl mechanism ani the rest of the molecules are conesidered to react vith

solvent molecules by the SN2 nechanism, However, it has been suggasted3 that

(3) C. G. Swain and R, W, 2ddy, J. Am, Chem, Soc., 70, 2969 (1948).

it may be more useful to consider that there is only one mechanism (b),

The discovery of quantitative correlations between structure and
reactivity makes it possible to test predictions of these opposing hypotheses,
So long as observaticne were only qualitative it wus hard to decide whather
or not thaere was a discontinuity or grouping of reactions into two adequately
differentiated mechanistic categories; it should be easier vhen reactivities
are expressed in quantitctive terms, One such quantitative correlation, the
Hammett equation, which describes the effect of m- and p-substituents on ths

rate, was examined in a previous puper4 viith this in mind., No discontinuity

(4) C. G, Swain und ¥V, P, Langsdorf, Jr., J, Am, Chem, Sgc., 73, 2813 (1951).

wes apparent,

Recently another quantitative correlation was discovered by 'instein

and Grunwald,5 which affords another opportunity to test experimentally the

(5) E. Grunwald and S, "instein, Ch Soc., 70, 846 (1948);
S. Yinstein, 2, Grunwald and H., W, Jones, ibig., 73, 2700 (1951).

different predictions of the two hypotheses, They discovered a very useful

equation for correlating the rates of solvolysis of allyl halides or esters

in different solvents
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log (k/k°) = mY (1)
where Kk is the first-order rate constant in any medium, k° is the first-order
rate constant in a standard solvent (30% ethanol-20% water), m is a parameter
characteristic of the alkyl halide or ester, and ¥ is a parameter
characteristic of the asolvent, Values of ¥ were determinsd for the different
solvents by choosing t-butyl chloride as a standard compound for which m was
defined as unity., Rates of solvolysis oi the following compounds were well
correlated by equation 1 and Y values based on {-butyl chloride in all the

5

solvents studied:” t-butyl chloride (standard), t-butyl bdromide, a-methylallyl

chloride, neopentyl dbromide, a-methylneopentyl p-dromobenzsnesulfonate and
trans.2-bremocyclohexyl p-dromobenzenesulfonate, 6

Highly brunched t-ulkyl helides were also found to fit, n-Butyl bromide

(6) ii, S, Swain, Ph,D, Thesis, Radcliffe College, 1948,

siiowed a different behavior5 which might be expected to be typical of ordinary
saturated prim.ry h:lides. If one were to choose it as & standard, instead of
$-butyl chloride, then ths new sst of Y values might be expectsd to correlate
the rates of solvolysis of p-butyl bromids, n-butyl chloride, ethyl vromide
and closely similar compounds, although these latter compounds wers not
systematically comparsd,

Grunvald and "instein found that i-propyl p-bromobenzenesulfonate
failed to fit equation 1 with ¥ values bused on t-butyl chloride for all
golvents; from the deviation observed, the percent reacting by a different
mechaniem (Sy2), assumed to be zero for acetic acid-acetic anhydride solvents,
was estimated to be 77% in 8C% ethanol, 91% in pury methanol und 9% in pure
ethancl.5 In their later puper they scrutinized this compound further and
found that the fit to two simultaneous processes was in fuct rather roughj
accordingly, they sbandoned the concept of duallty of mechanism for i-propyl
p-bromobenzenesulfonate, but still maintained that t-butyl chloride,

g~-methylneopentyl p-bromobenzenesulfonate and related compourds were essentially
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in a limiting category, where only "solvent ionizing power" {electrophilic
reastivity) was important in determining the rate,

If t-butyl chloride is indeed "1limiting] then triphenylmethyl
flvoride must certainly also be "limiting," since it ie even more sensitive
to electrophilic reagents and gives an even stabler carbonium ion, Accordingly

we examined triphenylmethyl fluoride to see how well it would correlate with

I-butyl chloridse,

Results and Discussion.- Rates of solvolysis were measured in nine

Ny L eme e e o e

solvents., The results are summarized in Table I and fig. 1.

Table I
SOLVCLYSIS CF TRITYL FLUCRIDE 4T 25°

K’ g

a b -1 =
Solvent Y sec, keal,

MeOH, 96,7 ~0.72 3.39 x 1c7¢ -
MeOH, 69,5 +1.02 8.28 x 1072 14,1
EtOH, 100 -1.97 4,88 x 1”8 15.8
EtOH, 50 0.0C 2,61 x 10=* 15.3
EtOH, 40 +2,15 2,74 x 1073 10.2
MesCO, 80 -0.,68 4,23 x 10-6 —
liezCC, 70 +0.,13° 1.6 x 1078 24 4
L8gCO, +1.26° 9.83 x 107* -
AcCH, 99.3 -1,63 1.5 x 107° -

a
Number after solvent is % by volume btased on volumes before mixing; the
residue is water; ‘z, It, sc = CHz, CzHg, CH,CO,

b '
Based on i-luiyl chlorids,

Ciieasured ut 25° for 96.7. MeOH, 80 and 50% ifezC0 and Y9.3% ~cOH; calculated
for 25° from measurements at 3C° and 50° for the other solvents.

4prrhenius activation parameters from measurements aut 30 and 40°,

®Value surplied by Marguerite S, Swain,
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There is considerable scatter of the observed points awauy from any
straight line (see Fig, 1). If the data had correluted well with t-butyl
chloride, all of the points should have fallen on a single straight line with
slops about unity (solid line on Ffig, 1).

4n 1des of the mugnitude of the discrepancy muy be gained by
roting a few of the deviitions. Solvolysis in 70% methancl-30% water is
proedicted to be two times slower than in 50% acetone-50% water, whereas the
observed rate is 7 times fuster. Similurly, solvolysis in 80% acetone=20%
water is predicted to be 30 times faster than in pure ethanol, but it is found
experimentally to be slightly slower, Solvolyais in 97% methanol-3% water
should be about 1,5 times slower than in 80% acetone-20% wauter, yet the
measured rate is actually 80 times faster, The rate for acetic acid is atb
least 1,000 times faster than would be predicted from the behavior of the
ethanol-water mixtures, whereas the rate for 70% acetone-30% water is about
25 times slower, This is a spread of over 2,5 x 1C%, which is more than the
spread between the slowest and fastest reactions, acetic acid is faster
than cll the other solvents exceﬁt 405 ethanol, whereus it should bave been
slower than all of them except for 100% sthanol.

Closer inspection reveals that the deviations are all in such a
direction that t-butyl chloride is int-rmediate in behavior between trityl
fluoride and n-butyl dromide and approximutely midway between them., Rather
than call trityl fluoride super-limiting, it might seem better to call it
merely limiting and treat t-butyl chloride as an intermediate or bhorderline
compound in the wuy that Gruawald and WVinstein handled i-propyl p-bromo-
bengenesulfonute, The results of this approach are given below,

First let us suppose that “here are tvo discrete mechanisms,
A(S4l) and B (Sy2), and that the observed first-order rate constant (k)
represents the sum of contributions from the two mechanisms; furthermore let

us assun® that we can erxpress the solvent dependence of mechanism A with a ZA

pros—
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scale based on trityl flucride, and the solvent dependence of mechanism B

with s XB scale bused on n-butyl bromide.
=k + %
log (k,/k°,) = mdp (2)
log (igg/k%) = mpYp. (3)

In Table II are given the ‘_i_A and values for different eolvents, the

X,
observed and calculated rates for t-butyl chloride, ancd the calculated
fraction reucting by mechanism A (SNl). Even assumiug this fraction to be
100% for reaction in scetic acid, it is necessary to ccnclude that less than
1% of the solvolysis of t~butyl chloride occurs by the SNl mechanism in all
the other solvents, including 40% and 80% ethnnol, and more than 99% by

mechanism B (SNZ) .
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Table II

SOLVCIYSIS OF t-BUTYL CHLORIDE AT 25°

Observed Calcd, c Caled, a

Solvent Iﬂ? Zﬁt gésec.~1) k(sec,~1) ki(sec,~)" kifk
40% CoHgOH~60% HaC +2,02 -— 1.29 x 10°3 3,9 x 10~7 -_ 0.000
50% (CHg)aCO-50% Ha0 40.58  — $.79 x 16 1. x 107 - c.000
70% CH30H-30% HaO +1,57 +0.47 9.75x10°® 1.2 x 1077 2.7 x 1¢”° 0,001
70% (CHg)s00-30% Hg0  =1,21 - 1,00 x 10~8® 2,3 x 10710 -~ 0.000
80% CgHgOH-20% Hga0 0.0 0,00 9.24 x 107% 3,5x 107° (9.24x 1076 0,000
80% (CHg)aC0-20% Ha0 -1.79 == 1,54 x 1078 6,0 x 10-11 — 0,000
97% CHgaOl=3% Ha0 +0,11 =0.26 1.75x1¢"® 4.8 x 10" 5.4 x10°% ©.003
CH4COCH +1.76 - 2,13 x 1¢-7 (2.13x 10~7) (none) 100,
CoHgOH =173 -0.73  9.70 x 108 6.9 x 10-31 1,7 x 1078 0.001

8Based on trityl fluoride at 25°,

bBased on n-butyl bromide at 25° calc, using 2 = 22 keal.'

SCalculated from X, using m, = 1 (reaction in CH3COOH assumed to be all Syl).
ACalculated from Yy using my = 1 (using 80% C;HsCH as a standard).

®Estimated value,

—

(7) is. L, Bird, E, D, Hugkes and C, K, Ingold, J, Chem, Soc,, 255 (1943).

In these calculations the observed and calculated rates were adjusted to agree -

for the standerd solvent, 8C% ethanol-2C% water, and o, and my weros taken as
unity,; different values of QA and my do not change the results appreciably.

The conclusion that most of the reaction of t-butyl chloride 1is SNZ even in the
chiefly aqueous water-alcohol and water-acetone mixtures does not conform with

conclusions previously reached on the basis of the hyrothesis of a duality of

mechaniem,

e 5. i 5 e - oo caw -
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The assumption that trityl fluoride, t-butyl chloride, and n-butyl
broaide all solvolyze by a mixture of SN1 and SN2 mechonisms leads to resulis
even more absurd than those reached under the previous assumption, If data
ware available for a hypothetical compound solvolyzing entirely by the SNl
path and for another solvolyzing entirely by the SNZ rath, one might expect
that a satisfactory correlation of the solvolysis rates of the threé compounds
could be obtained with equations (2) and (3) and X, and Y, values based on
these hypothetical compounds, However, if one assigns values to the rates of
the hypothetical compound solvolyzing exclusively by SNl such that a significant
fraction (5% or more) of the solvolysis of t-butyl chloride in 80% ethanol
oeccurs by SN1, one finds that the predicted rate of solvolysis of trityl
fluoride in acetic acid is less than 2% of that obssrved experimentally. 1In
order to obtain agreement hetween calculated and observed rates it is necessary
to assume that over 98% of the solvolysis of trictyl fluoride in acetic acid
is by the SNZ reaction path, even though this medium is perhaps the best of
the nine solvents studied for promoting SNl roactions and even though the
compound solvolyzing is & trityl balide,

To avoid this unreasonable conclusion, it is necessary to assume
that less than 5% of the solvolysis of t-butyl chloride in 80% ethanol is Syl.
If one then assignes rates to the hypothetical compound solvolyzing entirely
by SNZ such that agreement between calculated und observed rates is cbtained
for t-butyl chloride in both ethanol and 80% ethanol, one finds that the
predicted rate for n-butyl bromide in absolute ethancl is less than 6% of
that exprerimentally observed, In order to obtain agreement between calculated
and observed rates it is necessery to assume that over 94 of the solvolysis

of p-~butyl bLromide in absolute ethancl occurs by the S 1 route, in spite of

N
the fact that it has been generally accepted as & compound which reacts
entirely by SNZ. It 1s c¢lear that the assumptinn of a duality of mechanisms

with each mechanism fitting an equation of the form 1 does not lead to any




o

Pty e

-9~
correlation even though B, IA,.QB and IB ar® independently adjustable
parameters,

8
Fig, 2 shows that p-nitrobenzoyl chloride and fluoride also fail

(8) Delos E, Bown, Ph,D, Thesis, w.I,T., april, 1953.

to fit equaticn 1, but here the deviation for carboaylic acids is in the
orposite direction,

These results are more readily understood if there is no sharp line
of demarcation between SNI and SNZ mechanisms, and if instead there is a

single mechsnigm wkich shades very graduully in type over the series

E-nitrobenzoyl, methyl, n-butyl, t-butyl and trityl halides.

Cn this basis it was anticipated that cartoxylic acids, which are
slower-reacting solvents than the corresyponding alcohols toward n~butyl
bromide and siightly faster than the alcokols toward t-butyl chloride, would
be enormously faster toward trityl fluoride; and likewise that acetcne-water
mixtures vould be abnormally poor toward trityl fluoride., The experimental
verification o. these predictions gives us more confidence in a smooth
continuous gradation of mechanism over this series of compounds, with no
discontinuity on break in the trcnd at any point,

The difference in positive charge on the carbon ator undergoing
displacement between transition state and ground state may vary continuocusly

from negative values for acyl halides9 to positive values for trityl halides,

(9) E.g., for alcoholysis of benzoyl holides, where the reaction constant
(JQ ) in the Hummett equation is positive, The factors determining the sign
and magnitude of this reaction const:nt were discussed in reference 4,

From this point of view n-butyl and t-butyl hzlides are not extreme cases
of two different mechanisms but are both intermediate cases of a single

machanism,

4
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Beﬁggptg:r Trityl fluoride was prepared by the reaction of trityl
ohloride with anhydrous hydrogen fluoride, This method was worked out by

Dr, Robert Ehrenfeld in this laboratory, Trityl chloride (37 g. which had

been recrystallized from benzene in the presance of acetyl chloride to

prevent hydrolysis) was placed in a nickel crucible and gaseous hydrogen
fluoride was led in by a copper tube through a hole in the cover. The

hydrogen fluoride quickly dissolved all the solid %o give a yellow-brown
solution, After 20 minutes the excess hydrogen fluoride was evaporated,

20 nl, of benzene was added, the solution re-evapcrated und cooled, and the
resulting white, crystalline solid recrystullized from anhydrous ether

(7.5 ml, per g) at Dry Ice temperatures, yielding 23 g. (62%), m.p. 1C1.3-102,0°
The purity as Judged from acid liberated on solvolysis vuried from 97-85%

in different prerarations, Repeated recrystallizatiouns did not give higher
purities, Kinetic ananlysis showed that no trityl chloride was present, hence

it was assumed that the impurity was triphenylcarbinol, It was established

that triphenylcarbinol did not react with hydrogen fluoride under the

conditions of the synthesis,lo hence the rercent triphenylcarbinol was never

(10) ©. G. Swain, R, i, Esteve, Jr. and R. H, Jones, J, Am, Chem, Soc., 71,
965 (1949). e

less than that in the trityl chloride used,
rbsolute ethanol was prepared from U.S,I, "absolute" ethanol by the

ethyl formate method.11 This lowered the water content from C.ljﬁto 1553 than

(11) G. R. Robertson, "laboratory Practice of Orgaric Chemistry," Maciiillan
Co,, New York, d. Y., 1943, pp. 178, 296,

11 .
0.01% by the paraffin oil test, For tha 80% end 40% ethanol sclutions,

the commercial product was used without further purification, The absolute

e s e . e e . - - % s
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methanol used for the methancl-water runs was Mallinckrodt reagent grade,

The acetons was Mallinckrodt reagent grade dried over Drierite before use;

it did not turn arhydrcus copper sulfate blue after 2 hours'! contact, acetic
acid was prepared from Mallinckrodt reagent (dichromate te-i) glacial acetic
acid by refluxing for at least 2 hours with acetic anhydride egulvalent i
three or four times the amount of water present and then distilling, The
conceutration of acetic anhydride in acetic acid was determined by the

12
enthranilic acidi method using bromophenol blue indicator, The acetic acid

(12) S, Kilpi, Chem, Abstracts, 35, 2445 (1941).

PReS

containing 0.C71 M (0.69%) acetic anhydride froze at 16,22°, The acetic
anhydride was Baker's reagent grade, Anhydrous sodium acetate was prepared
by fusing Mallinckrodt reagent scdium acetate trihydrate and drying for 3
houre at 140°, All solvents were prepared volumetrically,
BSQSE}EH\PHQdPQEE:“ The analyticul method used made it certain
that hydrofluoric acid was quantitatively formed in all runs with the
possible exception of those in acetic acid, To prove that trityl acetate
was the principal product in the runs in acetic acid, the crude product was
isolated by quickly removing the sclvent under reduced rressure after ten
times the half-life (with no exposure to temperatures above 25°) and extracting
the organic material from the sodium acetate and sodium fluoride with ether,
The melting point was 71-90° in contrast to 87-88° for pure

trityl acetate.l3 The low melting point is believed due to the 1l4% triphenyl-

(13) Cbserved for an authentic sample prepared in this laboratory by
C. B, Scott and also reported by M, Gonberg and G. T, Davis, Ber,, 36,
3924 (19C3). R

carbinol known tc have been present (from bass titration) in the origiral
trityl fluoride usnd, The crude product proved difficult to free from

triphenylcarvinol by recrystallization, indicating the possitvility of mixed
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crystals, However, its identity was shown by & kinetic analysis, In 5(%
acetone~5C% water solution it hydrolyzed with a half 1life of 980 sec, (vs.
96C gec. for an authertic sample of pure trityl acetate, m.p., 87-88°), in a
strictly first order fashion (followed to 88%reaction), and the endpoint (at
ten half lives) indicated a quantitative yield of trityl acetate from the
trityl fluoride present in the original starting material, A4bsence of trityl
fluoride was showa by titration of the solution for fluoride ion using
thorium nitrate and sodium alizarinsulfonate after completion of the solvolysis,
48 little as 5% trityl fluoride would have been detected by this test,
Although a four-fold change in concentration of acetate ion had no
ooservable effect on the rate when it was in excess over the trityl £luoride,
omission of the acetate ion resulted in incomplete acetolysis. Evidently
there is a considerable effect of the acetate ion on the position of
equilibrium, similar to the e ffect of pyridine on the methanolysis of trityl

chloride in benzene solution.lu

(14) C. G. Swain, J, am_ Chem, Soc., 70, 1119 (1948).

Kinetic Measurements.~ All of the runs except those in acetic acid

- 10,15
were carried out with a cell and technique described previously, ' Since

RO

(15) P. D, Bartlett and C, G. Swain, ibid., 71, 1406 (1949).

the rate of solvolyeis of trityl halides is inderendent of pH it was possible
to follow these reactions by intermittent titration with base. 1In the 100%
ethanol ard 8C% ethanol-20% water runs, the base used was 0,05 M sodium
ethoxide prepared by dissolving sodium in absolute ethanol, In the 97%
methanol-3% water run, 0.05 M sodium methcxide was used, prepared by dissolving
sodium in absolute metharol, In the other runs, C.05 M carbenate-free sodium
hydroxido was used, The baso solutions were standardized against poteseium

acid phthalate, Bromothymol blue was used as an indicator in all rns,
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Identical results were alvays obtained whether tho soluion was kept basic
or acidic between endpoints, The initial concentration Of trityl fluoride
wae 0,02 i in acetis acid and 0,001 M in the other solf&nts., The procedure
used may be 1llustrated dy the 4Cj ethanol-6C% water rus: 5 ml. of a fresh
solution of trityl fluorige in ethanol (prepared gravis®trically) was added
to the cell containing a mixture of 35 ml, of ethanol asd 59 ml. of water;
since 2 ml. of en aqueous titrating medium was requirel foT the completo
solvolysis, the solution was 40% ethanol-60% vater at $OF reaction.

The 70% methancl was actually 69.5% methancl~ O 5% water. The 97%
methanol was actually 96,7% methanol-3.3% water, All percentage couwpositions
are by volume bvefore mixing,

4 was not posgidle to an tho intormittont :3tration methed (or
any other method based on titrating the acid literates) Lo the acetic acid-
acetic eahydride mixtures because of the very slight di¥ference in acidity
between acetic acid and hydroflucric acid, These runs were followed by
quenching 5 ml. aliquots {n SO ml, of benzenme, extractsD§ twicewith10-ml,
rortions of water, serarating the aqueous layer, and tiCtrating for fluoride
fon with 0,02 N thcrium nitrate in C,01 li nitric acid +Sing sodium
alizarinsulfonate as indicator, No further fluoride jof Was extractable 1y
subsequent washing of the benzeme layer with water. Is bthe acetic acld runs
two different color changes were observed, a sharper chnge from yellow to
orango and a gradual change to rurple. Since the first Change was easier to
observe and yielded the same final calculated rates ag The seccnd, this

endpoint alone was used in most of the runs, This titr&tion was not very

satisfactory but several runs were averaged and the restilts are belleved

accurate to + 25%,

Cambridge, Massachusetts

e




	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018

